The goal of the present study was to determine concentrations of Eselectin in both cerebrospinal fluid (CSF) and serum of patients with aneurysmal subarachnoid hemorrhage (SAH) and to evaluate the correlation between the clinical parameters and E-selectin levels. Both CSF and serum samples obtained from 12 patients with aneurysmal SAH and 8 patients with hydrocephalus (control group) without any other known central nervous system disease were assayed for Eselectin by quantitative enzyme-linked immunosorbent assay and the results were compared between the two groups. Mean levels of soluble forms of E-selectin within the first 3 days and on the 5th and 7th days of SAH were 4.0 ± 7.9, 2.8 ± 5.2, and 3.1 ± 4.9 ng/ml in the patient's CSF, and 33.7 ± 9.2, 35.1 ± 7.0, and 35.2 ± 8.7 ng/ml in serum, respectively. In contrast, mean E-selectin levels were 0.1 ± 0.2 ng/ml in CSF and 8.7 ± 5.0 ng/ml in serum of control patients. The difference between groups was statistically significant regarding both CSF and serum E-selectin levels (P < 0.05). Thus, we have demonstrated a marked increase of E-selectin concentration in both CSF and serum of patients with aneurysmal SAH compared with control and suggest that blocking the interaction between E-selectin and vascular endothelium may have a beneficial effect on vasospasms.
Introduction
The contribution of vascular endothelium (VE) to inflammation after a pathological condition has been demonstrated and the recruitment of leukocytes from circulating blood and their interaction with endothelium is crucial in inflammatory reactions (1) (2) (3) . This interaction occurs through a multistep process, which includes leukocyte margination, rolling along and firm adhesion to the microvascular endothelium, followed by transmigration through the vessel wall and further migration to extravascular tissue. All phases of the leukocyte recruitment cascade are orchestrated by cell adhesion molecules (CAMs), namely selectins, integrins, and immunoglobulin super-families (3, 4) . Ap-
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pearance or up-regulation of CAMs has been observed in a variety of central nervous system (CNS) diseases (5) (6) (7) (8) and the therapeutic approaches blocking leukocyte-endothelium interactions have provided encouraging results, suggesting that these molecules have a pivotal role (9) (10) (11) (12) (13) .
Over the last decade, the bulk of the evidence from both experimental and human studies has shown that CAMs may participate in the pathogenesis of vasospasm (VS) after subarachnoid hemorrhage (SAH) following an aneurysm rupture, but few studies have investigated the role of selectins in aneurysmal SAH.
In this report, we focus on the response of one member of the selectin family, E-selectin, that has been proved to participate in the early step of inflammation, namely, rolling of the leukocytes on the VE. We determined the concentrations of E-selectin in both the cerebrospinal fluid (CSF) and serum of patients with aneurysmal SAH and compared them to those of patients with hydrocephalus.
Patients and Methods

Patients
Ethical approval for this study was obtained from the Human Investigations Committee at Istanbul University and all patients or the next of kin if the patient was unconscious, provided written informed consent. We studied the patients referred to our neurosurgical unit from January to June 2003 with SAH established by computed tomography (CT). We excluded patients who had any kind of infection at the time of CSF and serum collection, in which CAMs may play a part. The sole inclusion criterion was the admission of the patients to our unit within the first three days of SAH. Demographic and clinical data, i.e., sex, age, initial Glasgow coma scale score, history of chronic illness and smoking, Hunt-Hess (HH) neurological grade, amount of blood within the cisterns determined by Fisher grade on initial CT, initial leukocytosis (white blood cell count more than 11,000 x 10 3 /ml), symptomatic VS, and clinical outcome at 6 months as assessed using the Glasgow outcome scale were recorded on standardized data collection charts. A patient was considered to have symptomatic VS if neurological deterioration (confusion or decreased level of consciousness with focal neurological deficits, such as speech or motor deficits) occurred after day 3 and was managed by the induction of a hyperdynamic state included hypertension, hypervolemia, and hemodilution. If the patients showed clinical signs of symptomatic VS, we performed a CT scan to confirm VS and the scan showed a focal ischemic zone in these patients. In this study, we also tried to determine whether there was a correlation between the levels of E-selectin and the above clinical parameters.
Demographic data of patients and controls
The study was conducted on 12 patients with aneurysmal SAH and 8 patients with normal pressure hydrocephalus (5 patients) and hydrocephalus secondary to aqueduct stenosis (3 patients) without any other known CNS pathology. The patient group included 8 females and 4 males with a mean age of 46.9 years (range: 17-71 years). The control hydrocephalus group included 4 females and 4 males with a mean age of 44.6 years (range: 14 to 81 years). Among the patients with SAH, 4 had anterior communicating artery aneurysms, 3 had posterior communicating artery aneurysms, 3 had middle cerebral artery aneurysms, and 2 had internal carotid bifurcation aneurysms. Eleven patients underwent surgical clipping, while 1 patient with an anterior communicating artery aneurysm required treatment with endovascular coiling. We performed early surgery (≤48-96 h post-SAH) in 4 patients with grade II HH and 4 patients with grade III HH and late surgery (≥10-14 days post-SAH) in 2 patients with grade IV HH and 1 patient with grade V HH. One patient with grade II HH underwent endovascular coiling. A summary of the demographic data for the patients with SAH and the control group is provided in Table 1 .
Specimen handling
Eighty-eight samples (44 each of CSF and serum) were assayed for E-selectin. For each patient, serial blood and CSF samples were collected at the same time within 3 days, and on the 5th and 7th days of SAH. Blood and CSF samples were collected by venipuncture and lumbar puncture, respectively. In the control hydrocephalus group, blood samples were collected by venipuncture, and CSF samples were obtained during the execution of ventriculo-peritoneal shunting. The samples from the control group were obtained on one occasion. As soon as possible, each 10-ml CSF and blood sample was centrifuged at 10,000 rpm for 15 min and the supernatant was stored at -70ºC until assayed.
E-selectin measurement
CSF and serum soluble E-selectin (sEselectin) concentrations were measured quantitatively and are reported as ng/ml using a commercially available enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, MN, USA, and Abingdon, UK). A dilution of 1:10 was used for E-selectin assays and absorption measurements were carried out at 450 nm using a microtiter plate reader (Automated Microplate Reader, Mo- 
Statistical analysis
Data were analyzed using the SPSS statistical program (SPSS, Chicago, IL, USA). Statistical analyses were performed using the nonparametric Mann-Whitney U-test. Results are reported as means ± standard deviation (SD). A probability value of less than 0.05 was considered to be statistically significant.
Results
Thirty-six CSF and 36 serum samples from the patients with SAH and 8 CSF and 8 serum samples from the control group were obtained for this prospective clinical study. The samples were used for the determination of E-selectin. A summary of the statistical data is provided in Table 2 and Figure 1 .
Concentrations of E-selectin in CSF
Concentrations of E-selectin were markedly different in patients with SAH and the hydrocephalus controls. In the control group, 3 patients had no detectable E-selectin, with a mean concentration of 0.16 ± 0.21 ng/ml. In contrast, all patients with SAH had quantifiable E-selectin in their CSF. The average values were 4 ± 7.95, 2.84 ± 5.21, and 3.10 ± 4.91 ng/ml within 3 days of SAH, on day 5, and on day 7 after SAH, respectively. The difference was statistically significant (P values: 0.002, 0.001, and 0.001 related to days, respectively). Although there appeared to be a trend to a decrease in E-selectin concentrations, the mean levels of E-selectin measured post-SAH at the three time points were not statistically significant when compared with each other (P > 0.05).
Serum E-selectin concentrations
The mean serum E-selectin concentration for the control group was 8.78 ± 5.06 ng/ml, compared with 33.7 ± 9.28, 35.11 ± 7.07, and 35.23 ± 8.75 ng/ml after 3, 5 and 7 days of SAH, respectively. There was a statistically significant difference between control and SAH patients (P = 0.00001 for each time point). The patients with SAH showed a tendency to a decrease in serum E-selectin levels during post-SAH days, although the differences were not statistically significant.
Association between sE-selectin concentrations and clinical and demographic variables
Of the 12 SAH patients studied, 4 (pa- Figure 1 . Comparison of soluble E-selectin concentrations in the CSF of SAH patients and controls with hydrocephalus and in the serum of SAH patients and controls with hydrocephalus. The squares represent the means ± SD and the bars denote the range of values (min/ max). The differences in the concentrations of E-selectin between the two groups at the three time points were statistically significant (P = 0.001 and 0.00001 for CSF and serum, respectively (Mann-Whitney Utest). Data are reported as means ± SD. SAH = subarachnoid hemorrhage; CSF = cerebrospinal fluid. *P = 0.001 compared to CSF of control hydrocephalus group. **P = 0.0001 compared to serum of control hydrocephalus group (Mann-Whitney U-test).
tients 1, 3, 4, and 5) had symptomatic VS. The E-selectin levels in the CSF of these patients were one order of magnitude higher than the average for all other SAH patients at each time point. The mean (± SD) sEselectin levels in the CSF of the 4 patients with symptomatic VS measured post-SAH at the three time points were 10.8 ± 1.7, 7.1 ± 7.8, and 7.7 ± 6.7 ng/ml. In contrast, the mean (± SD) levels detected at the same time points in the 8 SAH patients without symptomatic VS were 0.5 ± 0.2, 0.6 ± 0.2, and 0.7 ± 0.4 ng/ml. However, among these patients symptomatic VS had no effect on E-selectin levels (P > 0.05), a fact probably due to the small number of patients with SAH included in this study. In addition, no difference in E-selectin levels was observed according to age, sex, initial Glasgow coma scale, HH grade on presentation, Fisher grade on CT, smoking, co-morbidity, initial leukocytosis, and Glasgow outcome scale at 6 months after SAH. These findings are consistent with the literature but future clinical trials including more patients are needed in order to provide more accurate results.
Discussion
Recruitment of leukocytes during an inflammatory reaction is a crucial episode, which occurs through a multistep process. The leukocyte-endothelium interaction, the fundamental event of inflammation, is orchestrated by some CAMs found on both leukocytes and endothelial cells and different subsets of these molecules are responsible for the different steps of inflammation (3, 4) . The capture, rolling along, firm adhesion to, and finally transmigration through the microvascular endothelium of leukocytes are executed step-by-step by the action of CAMs, which are now divided into three families with dissimilar structural architecture: the selectins, the integrins, and some glycoproteins incorporated into the immunoglobulin super-family (2, 4, (14) (15) (16) .
For the purpose of this study, we will focus on the selectins.
Selectins and inflammation
The selectin family of CAMs consists of three members, P-, E-, and L-selectins, all of which mediate rolling of leukocytes along the VE, the early step of the inflammatory process (17, 18) . P-selectin is found in the granules of endothelium and platelets and comes to the cell surface rapidly in response to several inflammatory stimuli (17) . E-selectin, on the other hand, is exclusively expressed on endothelial cells and up-regulated after stimulation by inflammatory cytokines, such as tumor necrosis factor-α and interleukin-1 (17, 18) . L-selectin is expressed in many subclasses of leukocytes and is rapidly shed from the surface of leukocytes after stimulation (19) . It seems that the first contact between leukocytes and VE during inflammation is provided by the induced expression of E-and P-selectin (1,4,14,15) . When endothelial cells are activated they first release/express P-selectin and then Eselectin whose adhesion force is sufficiently strong to permit rolling and a reduction in velocity to occur (1, 4, 14) . P-selectin is responsible for the major part of the rolling process of leukocytes, whereas E-selectin mediates slow rolling along the inflamed endothelium (20, 21) . The interaction between selectin molecules and VE is possible by the action of integrins, a group of macromolecules which are expressed constitutively in leukocytes and in several other types of cells (19) . By the end of leukocyte rolling, glycoproteins of the immunoglobulin superfamily cause firm adhesion in order to allow transmigration of leukocytes through the intercellular junction of endothelial cells (22) .
Therapeutic targeting of CAMs has provided some beneficial effects in several types of diseases and has disclosed the pivotal role of such molecules in the pathogenesis of some pathological conditions of the CNS including VS after SAH (9-13).
Selectins in cerebral ischemia
Evidence for a pathological role of selectin molecules has been obtained in both animal and human studies. In a primate model of focal ischemia-reperfusion injury, persistent up-regulation of P-selectin in both postcapillary microvascular endothelium and platelets has been shown (23). Wang et al. (24) demonstrated elevation and up-regulation of E-selectin mRNA up to 2 days after middle cerebral artery occlusion in ischemic rat cortex compared with non-ischemic cortex. Up-regulation of E-selectin has been reported in rats to occur in the early period (2 to 46 h) of reperfusion in rats (25) , as well as in middle cerebral artery occlusion and reperfusion injury in non-human primates after 24 h of reperfusion (26).
Human studies trying to demonstrate the role of selectin molecules in the pathogenesis of cerebral ischemic stroke have provided conflicting data. Shyu et al. (27) found normal levels of E-selectin within 24 h of ischemic stroke in adults. A fall in E-selectin over 5 days in ischemic stroke patients has also been reported (28) . In contrast, significant elevations of P-and E-selectin molecules in the acute stage of ischemic stroke have been demonstrated (29) (30) (31) . Taken together, these findings and encouraging results of studies with different therapeutic options targeting the interaction between selectins and VE strongly support the notion that selectins may play an important role in the acute stages of cerebral ischemia.
Selectins in subarachnoid hemorrhage
It has been demonstrated that activation of VE of large cerebral arteries in the subarachnoid space is initiated once the blood contacts the outermost layer of the vessel after SAH (32) , leading to a cascade of changes in both the morphology and vasomotor regulation of the exposed vessel, a process that often leads to the clinical condition recognized as VS, with peaks occurring on the 7th day of SAH (12, 33, 34) . The role of CAMs, principally selectins, in SAH is less clear and few studies have investigated the changes in selectin molecules in aneurysmal SAH (35, 36) . Polin et al. (35) showed marked elevation of soluble forms of Eselectin in the CSF of 17 patients with ruptured SAH compared with levels in the CSF of 16 controls, patients with unruptured aneurysms, and patients tested months after the occurrence of SAH. In addition, 3 patients with angiographically demonstrated VS showed higher levels of E-selectin than the average for all other SAH patients. More recently, in a prospective study, Nissen et al. (36) compared the serum concentrations of three selectin molecules in patients with and without delayed ischemic neurological deficit (DIND) after grade 1 or 2 SAH. The Eselectin levels were similar for the two groups. On the other hand, P-selectin concentration was significantly higher in patients with DIND compared with patients without DIND. By contrast, L-selectin concentration was lower in patients with DIND. The authors concluded that P-and L-selectin might be involved in the pathophysiology of DIND after aneurysmal SAH.
Ours is the first study in which E-selectin concentrations were evaluated concomitantly in both the CSF and serum of patients after aneurysmal SAH and the small series of patients examined here showed a statistically significant elevation in E-selectin levels in both CSF and serum after aneurysmal SAH compared with controls. The concentrations at three time points after SAH were higher than control in both CSF and serum, suggesting that VE is active in the early period of SAH. We may speculate that early treatment targeting the blockage of interaction between E-selectin and VS may reduce inflammation in the early period and prevent VS, which is typically possible between 4 and 14 days after the onset of SAH. This may provide an opportunity for prophylactic anticipatory therapy. Our findings are consistent with those in which serum selectin molecules were detected in human stroke, but not with the study by Nissen et al. (36) .
There was no statistically significant correlation between E-selectin concentrations and the clinical profile of the patients, consistent with previous human SAH studies related to E-selectin (35, 36) . Nevertheless, we think that this may be due to the small number of patients studied here.
Our findings suggest that there may be an association between elevated sE-selectin levels in the CSF and serum of patients with aneurysmal SAH and the relevance of our findings for the treatment of VS in SAH remains to be investigated. The importance of our findings is that they suggest that blockage of the E-selectin pathway may be of potential therapeutic benefit to these patients. Additional clinical studies involving a larger number of patients are required in order to determine whether there is a correlation between VS and the elevation of E-selectin molecules.
